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Relativistic, kinematically complete phenomenological expressions for the 
dilepton decay rates of nucleon resonances with arbitrary spin and parity are 
derived in terms of the magnetic, electric, and Coulomb transition form fac- 
tors. The dilepton decay rates of the nucleon resonances with masses below 2 
GeV are estimated using the extended vector meson dominance (VMD) model 
for the transition form factors. The model provides a unified description of 
the photo- and electroproduction data, 'y{'~f*)N N*, the vector meson de- 
cays, A^* Np{u!), and the dilepton decays, A^* N£^£^. The constraints 
on the transition form factors from the quark counting rules are taken into 
account. The parameters of the model are fixed by fitting the available photo- 
and electroproduction data and using results of the multichannel partial-wave 
analysis of the vrA^ scattering. Where experimental data are not available, 
predictions of the non-relativistic quark models are used as an input. The 
vector meson coupling constants of the magnetic, electric, and Coulomb types 
are determined. The dilepton widths and the dilepton spectra from decays of 
nucleon resonances with masses below 2 GeV are calculated. 
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I. INTRODUCTION 



Particle properties in the medium are generally known to be different from particle prop- 
erties in the vacuum. The change of the nucleon mass in the nuclear matter was studied 
within the Walecka model [|l],0 already in the 1970's. During the last decade, the problem 
of the description of hadrons in dense and hot nuclear matter received new attention 1^-^. 
The goal of the current investigations is to determine mass shifts and broadening of the 
resonances in nuclear matter. The best probe for measuring the in-medium modifications of 
the vector mesons masses and widths are dileptons which, being produced, leave the reaction 
zone essentially undistorted by the final-state interactions. 

The data on the total photoabsorption cross section on heavy nuclei give an evidence 
for a broadening of nucleon resonances in nuclear medium The physics behind this effect 
is the same as in the collision broadening of the atomic spectral lines in hot and dense gases, 
discussed by Weisskopf in early 1930's. 

Dilepton spectra from heavy-ion collisions have been measured by the CERES and 
HELIOS-3 Collaborations at SPS ||10|,|lT| (a few hundreds GeV per nucleon) and by the 
DLS Collaboration at the BEVALAC (a few GeV per nucleon). The collision broad- 
ening makes the peaks associated with the V e~^e~ vector meson decays in the CERES 
and HELIOS-3 experiments unobservable, but the spectra can be described theoretically, 
although the origin of the enhanced dilepton yields in the low mass region i.e. below the 
p-meson peak is still a matter of current debate. 

However, concerning the DLS experiment, the measured dilepton spectra do not match 
with the theoretical estimates, even when possible reduction of the p-meson mass and the 
p-meson broadening are taken into account [O]. The future HADES experiment at GSI will 



study the dilepton spectra in the same energy range in greater details |T^ . 

The dilepton modes of nucleon resonances are important sources of the dilepton pro- 
duction in proton-proton and heavy-ion collisions. In this paper, we derive kinematically 
complete phenomenological expressions for the dilepton decays of nucleon resonances with 
arbitrary spin and parity, parameterized in terms of the magnetic, electric, and Coulomb 
transition form factors, and give numerical estimates for the dilepton spectra and dilepton 
widths of the nucleon resonances with masses below 2 GeV. 

In order to calculate the dilepton decays, one needs to know the electromagnetic transition 
form factors of nucleon resonances in the time-like region. The standard vector meson dom- 
inance (VMD) with the ground-state p-, u-, and 0-mesons predicts monopole form factors 
with asymptotics at oo. Such asymptotics are, according to the quark counting 

rules [^, valid for the electromagnetic pion form factor. However, already in the case of 
the nucleon form factors, radially excited vector mesons p', p" ... etc. should be added into 
the VMD model in order to provide a dipole behavior for the Sachs form factors and de- 
scribe the experimental data |[T6|-19|. It was pointed out |20| that the standard VMD model 



overestimates the photon branching ratios of the nucleon resonances if decay widths of the 
nucleon resonances are used as an input. It disagrees also with the quark counting rules for 
the transition form factors. The higher powers of in the asymptotics imply a destructive 
interference between contributions of vector mesons at small q^. This effect decreases the 
photon branching ratios. It can help to describe the experimental data for the vector meson 
and the photon decays of the nucleon resonances within the VMD model framework. 

We use the extended VMD model for the description of the transition form factors of the 
nucleon resonances. The model provides a unified description of photo- and electroproduction 
data and the vector meson decays of the nucleon resonances. Its parameters are fixed by 
fitting the available data. The form factors are finally used for the calculation of the dilepton 
decays of nucleon resonances. 
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The same philosophy has been used in Ref. [21 1 in order to predict unknown meson decay 



channels to dileptons. Recent measurements e.g. for — ^ rie~^e , rj -it~^tt e~^e by the 
CMD-2 Collaboration ||22| are in excellent agreement with predictions This gives a 



support for the extended VMD model in general, and also concerning the reliability of the 
present investigations of the dilepton decay channels of the nucleon resonances. 

The outline of this paper is as follows: In the next Sect., we describe the general framework 
for the description of the higher-spin resonances, electromagnetic vertexes in terms of the 
covariant form factors, Fk{q'^), which are free from kinematical singularities, and calculate 
helicity 7*A^ — > A^* amplitudes in terms of the covariant form factors Fk{q^). 

The relations between the magnetic, electric, and Coulomb transition form factors and 
the covariant form factors Fk{q^) have been established for the A(1232)-resonance by Jones 



and Scadron |23] and for arbitrary spin resonances by Devenish, Eisenschitz and Korner [24 
We find it worthwhile to rederive for methodical purposes in Sect. 3 these relations in view 
of the controversy existing in the literature concerning the simple A(1232) radiative and 
dilepton decays (for a discussion see Ref. [^). First, we transform amplitudes with the fixed 



total angular momentum of the photon and orbital momentum of the 7*A^ system to the 
magnetic, electric, and Coulomb amplitudes, and, second, transform amplitudes with fixed 
total angular momentum and the orbital momentum to the helicity basis. 

The kinematically complete phenomenological expressions for the A^* — > A^7* decay rates, 
where 7* is a virtual massive photon, and the A^* — > Ne^e~ decay rates are then obtained in 
terms of the the magnetic, electric, and Coulomb transition form factors. The experimental 
data on the photo- and electroproduction of the nucleon resonances are quoted for the helicity 
amplitudes and/or magnetic, electric, and Coulomb transition form factors. The results of 
Sects. 2 and 3 are sufficient for the description of these data. 

The data for the vector meson decays of the nucleon resonances are quoted usually in the 
partial-wave basis for a fixed total spin and a fixed orbital momentum of the NV system. In 
Sect. 4, we establish the connection between the partial-wave basis and the helicity basis of 
the VN — i> A^* amplitudes. The results of Sect. 4 are sufficient to fit the data for the vector 
meson decays of the nucleon resonances. 

In Sect. 5, we establish a general representation for the transition form factors in the no- 
width vector meson limit within the extended VMD model, consistent with the quark counting 
rules. The quark counting rules reduce the number of the phenomenological parameters which 
otherwise cannot be determined. The overall sign of the vector meson decay amplitudes is 
not fixed experimentally with respect to the photo- and electroproduction amplitudes. We 
use the non-relativistic quark model to fix this sign. 

In Sect. 6, numerical results are presented. We perform a fit to the amplitudes of the 
photo- and electroproduction of the nucleon resonances and to the vector meson decay am- 
plitudes and determine free parameters of the extended VMD model. The minimal extension 
is found to be sufficient to describe the available data. We use for the vector meson decay 
amplitudes the data from PDG [^B[. When these data are not available, the results of the 
multichannel vrA^ partial-wave analysis by the Manley and Saleski [|2^ and Longacre and 



Dolbeau [ESI are used. In other cases, we use the quark model predictions by Koniuk [ED 



and Capstick and Roberts [^. We give the coupling constants of the nucleon resonances 
with the p-, and tu-mesons, determined form the fit, the total widths of the dilepton decays 
of the nucleon resonances, and their dilepton spectra. 

II. THE -f*N N* HELICITY AMPLITUDES 

The electromagnetic transition current between the nucleon and a spin- J nucleon reso- 
nance has the form 
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J/^iP*, ^*,P, A) = eup^,„pXp*, >^*Y^3^:..(3^^,u{p, A) (II.l) 

where and m are masses, and p are momenta, A,,, and A are helicities of the resonance 
and the nucleon, e = —yATra is the electron charge, a = 1/137. In the resonance rest frame, 
p, = (m„0,0,0),p= {E,0,0,-k). 

The spinor M/3i.../3j(p*, A*) is the generalized Rarita-Schwinger spinor (see e.g. [^,^) that 
describes fermions with J = / + 1 > |. It is symmetric with respect to the indices (3i...f3i and 
traceless. The spinors are normalized by 

u{p, \)u{p, A) = 2m, 
(-)^M/3i...a(p*, A*)m/3i...a(p*, ^*) = 2"^* (II. 2) 

(there is a misprint in Eq.(15.7) of Ref. |3^). The matrices r^^^ stand for the normal- and 

abnormal parity resonances, = ^ ' 1^' I ' ••• (^^^ upper sign) and = l"*^,! 
(the lower sign). 

The photon polarization vectors have the form 

efi)(g) = -^(0,^1,-^,0), 
e^^\q) = j^ik,OAu;), (II.3) 

where q = p* — p = (u;,0,0,/c), = M^. These vectors are transversal, q^i€^^\q) = 0, and 
normalized by 

= -'^AA'. (II.4) 

In the limit M — 0, tf!\q) = q^ijM + 0{M). Due to the current conservation g^J^ = 0, 
the longitudinal component of the vector current equals ef!\q)J^ = 0{M), so it vanishes for 
physical photons at M = 0. 



A. The 7*A^ ^ A^* vertexes 

Spin J > I resonances. The resonances with arbitrary spin have three independent 

helicity amplitudes in the 'y*N ^ N* transitions. It means that there are three independent 

-(±) 



scalar functions to fix the vertexes. The most general decomposition of the vertex fl^^ 



over the Lorentz vectors and the Dirac gamma matrices has the form 

r£.ft, = g/3.-gA-.r(t; (ii.s) 

where 



k 



In Eq.( [11.5|) , the symmetrization over the indices is assumed. The values Pjf^'^ 



are scalar functions of q^ and are called covariant form factors in the following. In this 
representation, the Dirac structure of the transition amplitudes is fully separated off and 
expressed by the T^'^^'^ matrices. 

For the normal-parity case, the matrices F^"^^* {i = 1,2,3) have the form 
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= "^*(?/37m- h9fip)i^. (11.7) 

^tT = (l^P^ - 1 ■ P9fs,H, (11.8) 

r^^^ = (^/^^/^ ~ 9^^/3m)75 (n.9) 

where 75 = i7°7"^7^7^, P = |(p* +p). For the abnormal-parity case, the matrices f^"^* 
= 1,2,3) can be taken to be 

r^/ = rS^S. (11.10) 



The sets ( [II.7|) -( prToD are simply related to the sets used in Refs. p3| ,^ 

Spin J = \ resonances. The vertex Vf'^ [l = 0) can also be expanded like in Eq. (|II.6|) . 
There are two matrices f^'^''* {i = 1, 2) for the normal-parity case = \ , 



r!.+)' = {q'l,- Ml,, (11.11) 
^l^^' = {P-qi,-P,qH, (11.12) 



TP - 1- 



and two matrices for the abnormal-parity case J — ^ , 

r(-)'= = r(+)S. (11.13) 



The sets ( [1I.12|) -( P^I.13|) are identical to the sets used in Ref. The vertex dimensions are 
^tU, - 1, rJJ) ^ l/mi-\ and F^^^ ^ l/ml+^ 

B. The A^* N^* decay width in terms of hehcity amplitudes 

The photo- and electroproduction T-matrix elements (5 = 1 + iT), 

< JJ,\T\\\^n>, (11.14) 

depend on the resonance spin, J, its projection on the z-axis, Jz, the nucleon and photon 
helicities, A and A^, and on the unit vector, n, in the direction of the photon momentum. 
The N* NY width has the form 

r{N* -> NY) = I [ rffi„V|<AA^n|r|JJ, >|2. (11.15) 



The angular dependence of the matrix element < J Jz\T\\\^n > is a universal function 
(see e.g. [Q) determined by the resonance total spin and its spin projections: 

< JJz\T\\\^n>= Di^j^{r))* < JA*n|r|AA^n> (11.16) 

where A* = — A + A^ is the resonance helicity. The rotation matrices 

Di^j^in) =< JKn\JJz> (11.17) 

are the amplitudes of finding the resonance with the spin projection A* on the unit vector n in 
a state with the spin projection on the 2;-axis. The helicity amplitudes < JA=Kn| r|AA^n > 
do not depend on the vector n, so the symbol n can be suppressed. There exist six helicity 
amplitudes, three ones with positive A^k's and three ones with negative A^k's. The P-invariance 
of the electromagnetic interactions gives a symmetry relation for the amplitudes with opposite 
signs of the helicities (see e.g. Eq.(70.13)): 
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< J - A*| r| - A - >= T < JA*| r|AA^ > . (11.18) 

The functions Dl^j^^n) are the unitary matrices with respect to the indices A* and J^. 
The normahzation condition reads 

I dnM.jS^TD'KJ'Sn) = ^^6'^'6'*'*6'^''^. (11.19) 

Using the properties of the hehcity amphtudes and of the D'l^j^{n) matrices, one obtains the 
N* N'f* decay width in terms of the three hehcity amphtudes: 

r(iV^iVr) = 3j E |<AA,|T|JA.>r (11,20) 

* A*=-A+At,>0 



C. Helicity amplitudes in terms of the covariant form factors f1^^ 



Since the amphtudes < AA^| r| JA* > do not depend on the vector n, it is convenient to 
choose it in the direction of the 2;-axis. The hehcity amphtudes can then be calculated in 



terms of the covariant form factors Fjf^"^ from equation 

(JA^ITIAA,) = -e«^,...ft(p*,A.)rJJi^,,n(p,A)e(^^)(g). 



(11.21) 



The sign ± refers to the natural- and abnormal-parity resonances. We use the following 
notations for these amplitudes: 
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(11.22) 



These amplitudes describe, respectively, the double-spin-flip, no-spin-flip, and single-spin-flip 

transitions. For / = 0, the amplitude ^^^^ should be set equal to zero. 

2 

The experimental data for the helicity amplitudes ( p,1.22| ) are quoted by PDG in the non- 
relativistic normalization for the fermions, including a factor of 1 / y/2ujQ from the photon 
wave function, and also a sign of the irN — >■ A^* amplitude and an additional sign =f for 
nucleon and A- resonances. The value ujq = {ml — m?)/{2m^) is the real-photon energy. 

Spin J > f resonances. The direct calculations give 



A 



(±) 
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i2(m±(^m) +M2) 
\2ml 
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i2M2 



^0 



(11.23) 



where 
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■m± = m=K ± m 



Al = m+m_ + M^. 



The coefficients A^^"* are defined as 



,(±) _ „ 3m± ^ ,„,,_, 12-mi + 1) 



with J = / + |. Notice that 
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(11.25) 

5j»m J = \ resonances. The direct calculation gives the following expression for the 
helicity amplitudes: 




r2 



2 / 

The parameters Aq'^'' are defined by 




(11.26) 



Xlt^ = e^\/ml-M^. (11.27) 



III. MAGNETIC, ELECTRIC, AND COULOMB TRANSITION FORM FACTORS 

The photo- and electroproduction of nucleon resonances can be described in terms of the 
amplitudes with the definite total angular momentum J^ = J+ i, J — | of the photon 
and the definite orbital momentum i = + 1, J^, — 1 of the A^7* system [i should not 
be mixed with / in Eq.(II.l)). There are three nonvanishing amplitudes: 

"^tU^ (III.l) 

where = J =F | and = J ± |. In the spin J = \ case, the photo- and electroproduction 
processes are described by two amplitudes Sl^^"* and 2l[^^ for negative parity resonances and 

Ql^i and for positive parity resonances. 

We establish first a connection of the magnetic, electric, and Coulomb amplitudes to the 
amplitudes 2tj^\ and find then a connection of the amplitudes Stj^''^ to the helicity amplitudes. 
In this way, using Eqs. ( [11.231 ) and ( [11.261 ), we express the magnetic, electric, and Coulomb 



form factors in terms of the covariant form factors Fk . 

A. Relation between J^i amplitudes and monopole amplitudes 

In the momentum space, the photon vector potentials with the definite total angular 
momentum, Jy, its projection, m, on the 2;-axis, and orbital momentum, i, have the form 
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(III.2) 



where e^'^^^ is the space-hke part of the polarization vector (p.3|) with the vanishing momen- 
tum k = 0. The spherical coordinates of the vector potential have the form 



)^+^^C/^™ , Y^^+A^ (n) 



In momentum space, the magnetic, electric and Coulomb potentials equal 



(III.3) 



(III.4) 



where T = M, E, C and 



1 



= n. 



[III.5) 



Here, 1 = —ihx d/dk is the orbital momentum operator and V„ = kd/dh. Using the Wigner- 
Eckart theorem (see e.g. 



< i\\a^\\J^ >, 



(III.6) 



the spherical coordinates of the vector potentials A J ^(n) can be found to be 



n)); 



2£+ 1 
2J^ + 1 



< flla^llJ^ > (A, 



[n))A,. 



(III.7) 



Notice that £ = ± 1 for T = M, E and d. = for T = C. Eq. ( |111.7| ) gives a connection 
between the J-^d and J-yT representations for the photon wave functions and, respectively, for 
the 7*A^ — > A^* transition amplitudes. 

The linear combinations, of the amplitudes 2tj^\ with the coefficients of Eq. ([lII.7| ) 

describe absorption of photons of the magnetic, electric, and Coulomb types. In the matrix 
form. 



/I 

+ 



2J^+1 
2J^+1 





+ 
+ 



J7+1 
2J7+1 

2J7+1 / 



(±) 



(111.8) 



B. Relation between Jy£ amplitudes and helicity amplitudes 

The amplitudes can be expressed in terms of the helicity amplitudes and 

~" 22 

Let us consider T-matrix elements 

2 

< JJ,\T\JJ,J^i >, (III.9) 

with \JJzJ.y£ > given by 
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JJ^J.^ >= E E CyXlsCi±l\^rn > \-s, > \ls,, > . (III.10) 



The states {JJ^J-yi > are eigenstates of the total angular momentum J, its projection on the 
z- axis Jz, the total photon angular momentum J^, and of the orbital angular momentum i of 
the N'j* system. The values Ci"^"; i and C'll'^Z'' are the usual Clebsh-Gordon coefficients 

(CGC's) with the phase conventions of PDG [^. In Eq.( [111.10D and below, the standard 
rules for combining the angular momenta and spins are used (see e.g. [^), according to which 
baryons in CGC's appear before mesons, the orbital momentum in CGC's comes before the 
intrinsic spin, and the angles in the spherical harmonic 1^^(11) are measured with respect to 
the first particle in the corresponding isospin CGC's. 

Using the set |AA^n > of the hehcity states, the T-matrix elements < JJz \ T \ JJzJ-y(i > 
can be transformed as follows: 

< JJz\T\JJzJ^i>= j dVt^Y^< JJz\T\\\n>< \\n\JJzJ^i> ■ (III.ll) 

The state \JJzJ-yi > is a superposition of eigenstates of the helicity A* of the resonance: 

\JJzJ-yi >= ^D3[^j^(n)|JA,J^£ > . 

A. 

Using the decomposition of Eg. (pi.lOl ) for the states \JX^Jji >, the amplitudes < 
AA^n| JJ^Xyf > can be found to be 



( 2/ _|_ 1 

< XX,n\W,i >= ^ -^DijSn)CjX,^_,C;^A\- (ni.l2) 

The CGC's entering Eq.(III.2) originate from the decomposition of Eq.(|ILTOD, where one 

should set = A*, J^^ = =X-y, and m = J^z — s-yz = 0. The coefficient \J arises from 
the spherical harmonic < n|£m >= Yjm.(n) evaluated at m = and n = (0, 0, 1). 

The integration in Eq. (|III.11| ) removes the D-matrices. The T-matrix elements < JJz \ T 
{JJzJ-yi > are expressed in terms of the T-matrix elements < JA*| T |AA^ > as follows 

< JJz\T\JJzJ,i >= ^^^T+l E^iX^A^^m; < ^A.|T|AA, > . (III.13) 



AA-y 



The amplitudes can be defined by 



= < JJ.\T\JJzJ,l > . (III.14) 



The symmetry of the helicity amplitudes under the P-transformation can be used to reduce 
the summation in Eq. ( [III. 131) to positive values of A* = —A + A^ > 0, which yields 



<!>= '^'/" viTT ^ ,cJA;<jA.|r|AA,>. (111.15) 
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C. Relation between magnetic, electric, and Coulomb transition form factors and 

helicity amplitudes 

Spin ^ > I resonances. The electric, magnetic and Coulomb transition form factors are 
defined by 



(±) 

J-h,M/E 



(±) 



J+\,E/M 



M 



(±) 
c • 



(111.16) 



Here, the G^^j^ stands for G^^^ or and the G^^^j^j stands for G^^^ or G^^j^ with the 



coefficients A[^^ given by Eq.(2.24). Using Eqs.( |111.8D and ( [11.22| ) and substituting the coeffi- 
and Ci^* 1 , in Eq.( [lll.l"5| ), we obtain the following relation between the electric. 



cients Cj^i'l 



magnetic, and Coulomb form factors and the helicity amplitudes: 
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(111.17) 



The transformation matrix is an orthogonal matrix. 

The helicity amplitudes are expressed in terms of the covariant form factors Fk in 
Eq.( |11.23|) . Eqs. (|11.2"3| ) and ([111.17| ) can be combined to give a linear relation between the 
magnetic, electric, and Coulomb form factors and the covariant form factors F^. 

The monopole form factors are expressed in terms of the covariant form factors 
follows: 



.(+) 



as 
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(111.18) 



(111.19) 



where 



m± = ± m, 

= m+m_ + + 



ml - M\ 



The photon momentum appearing in Eq. (|11.3| ) can be written as k 
inverse transformations have the form 



y^Vj/(2m,). The 



( \ 

Ft' 

\Ft'j 



3m I 



2m.cricr^ 



X 
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Ft' 



2m*m_ 



-<J_ 



-m^rrij^ — \l{Am1 — Aq) m^m^ 



3m_ 



2mcricr^ 



X 



(/ + 
— 2m=Km+ — /cr^ Aq 



-2ml + I'^o 'm+m^ 



(III.20) 



(III.21) 



In terms of the magnetic, electric, and Coulomb form factors, the resonance decay widths 
equal 



r(iV( 



(±) 



9a (/! 



16 2^(2/ + 1)! 



l + l 



^ M/E 



+ (/ + !)(/ + 2) 



^ E/M 



+ 



(±) 
c 



(111.22) 



There is a symmetry between expressions for decay widths of the normal- and abnormal- 

. m_, G^f> - rii-) nS+) 



parity resonances: m_| 



' M 



^ E ' ^ E 



^ For / 



1, we 



recover the result of Ref . |2^ . 

Spin J = \ resonances. In the lowest spin case, the electric and magnetic form factors 
are defined by 



G 



(±) 

M/E 



0, 



The helicity amplitudes are simply connected to the electric (magnetic) and Coulomb ampli- 
tudes: 



° \G 



(±) 
c 



-1 
1 



(111.23) 



The Eqs. ( p.l.26| ) and ( |111.23| ) can be combined to give a relation between the magnetic, 
electric, and Coulomb form factors and the form factors F^. In the spin-| case, these form 
factors have the form 



^E/M 



(±) 

c 



2M^ 



(111.24) 



The inverse relations are as follows 



^/2m± 



— 2m*m=p 



— m+m_ 
2M2 



^E/M 



±G, 



(±) 
c 



(111.25) 



The resonance decay width can be found to be 
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r(iV(*i) ^ NY) 



2 



(m|-M2)3/2(^2_ ^2)1/2 



+ 



(±) 
c 



(111.26) 
23. The 



We use the normahzation for the monopole form factors identical to Ref 

A(1232)-resonance form factors of Refs. p3| , p5| contain an additional factor of 

limit M ^ 0, we recover Eqs.(2.59) and (2.60) of Ref . H]. Eqs. ( fTL2%) and (fTL2|) are the 
main results of this Sect. 



|. In the 



IV. THE N* NY PARTIAL- WAVE AMPLITUDES 

The decay width of the N* N'-f* transition can be calculated in terms of the amplitudes 
9)^^^ with the definite total spin, S, of the A^7* system and the definite orbital momentum, i, 

of the N'-f* system (£ = J =1= |, J ± | for = I''', ... ). The nucleon decays are described 
by three independent amplitudes 

Sj^l ^f] (IV.l) 

2' ~' 2 2 ' +2 2 ' 2 

while in the case = 7^"^ , the decays are described by two independent amplitudes ^i^^^ 
9)''^} and iDi -j*, i^a The amplitudes S^^^^ can be connected to the helicity amplitudes 

2' 2' 2' ' 2 

and \ 



A. Relation between partial-wave and helicity amplitudes 

Let us consider the T-matrix elements 

< JJ,Se\T\JJ,> . (IV.2) 
The states \JJzSi > are defined by 

\JJ.Si >= J2c';!.ssJ^rn > \SS^ > . (IV.3) 

They are eigenstates of the total spin, S, of the nucleon and a virtual photon, of the orbital 
momentum, i, and of the total angular momentum, J, and its projection on z- axis, J^, of 
the decaying resonance A^*. Using the set of the helicity states |AA^n >, one can relate the 
T-matrix elements < JJ^Sil T\JJz > to the T-matrix elements < AA^n| T\JJz >: 



< JJ,Si\T\JJ, >= I dVt^^< JJ,Sl\\\^M >< AA^n|T| JJ, > 



(IV.4) 



The state < JJ^Si] can be rotated to give a superposition 

< JJ,S£\ = J^DixSny < J\,Si\. (IV.5) 



Using the decomposition of Eg. ( |1V.3| ) with Jz = Sz = \^ and m = for the rotated state 
< JA*S'£|, we obtain 
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< JJ,Si\\\n >-- 



4^ W05A,'-^i_AlA.^^.A 



^iA.(n)^ 



(IV.6) 



The factor 



2e+i 



originates from the product < £m|n >= Yi*^{ja) evaluated at m = and 



n = (0,0,1). The angular dependence in the amplitudes < \\^\\\T\J Jz > is factorized 
with the help of Eg. ( [11.17| ). The Z)-matrices are then removed by the angular integration 
in Eq. ([lV.4] ). The T-matrix elements in the partial-wave representation, < J JzSC,\T\J >, 
become [BBl 



(IV.7) 



We extract from the amplitude the kinematical factors A;^"* and define the amplitude 
as follows 



(±)(X(±) 



S,l 



2J 



Stt 



< Si\T\JJz > . 



(IV.8) 



The symmetry of the helicity amplitudes under the P-transformation can be used to remove 
in Eq. ([lV.7| ) the summation over the negative values of A*. We thus obtain 



X(±)f,{±) 



1 ± 



-i+e 



V2 



2J+T ^ ^£05A.-i_AlA 
A,=-A+A-^>0 



CcnQx Cf'^*,, < AA'v I ri </A* > . 



(IV.9) 



Spin J > I resonances. The partial-wave amplitudes are linear combinations of the 
helicity amplitudes: 



A 



(+) 



A 



(-) 



2 ' 2 



+ 



3(f+2) 
2(2«+3) 

I 

2(2«+3) 



3^ 

2(2/+l) 

1+2 
2{2/+l) 



+ 



6{2/+3) 

1+2 
2(2«+3) 

2 



+ 



1+2 
6{2/+l) 

2(2«+l) 



+ 



I \ 



3{2/+3) 
1+2 

2«+3 / 

V 3 

i+2 



3(2«+l) 



\ - 



(IV. 10) 



(IV.ll) 



The matrices entering these equations are orthogonal ones. 

Spin J = \ resonances. The transformation from the helicity basis to the partial-wave 
basis is given by 





(IV. 12) 



(IV. 13) 



The inverse transformations are given by the transposed matrices. Eqs.(IV.lO) - (IV. 13) are 



in agreement with Ref. p9| where the transformation matrices are given for / = 0, 1, 2, 3. 
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B. Dilepton decay widths 



The N* — > A^7* decay width has many equivalent representations that can be obtained 
from Eqs. (|II.15|) and (t[I.2CI|) making use of the completeness of sets of the NY states: 



k 



/ dfin^ I < AA^n|r| JJ^ > 



2J+ _ 

A,=-A+A^>0 



'71 



I < r| jj, > p = ^ I < jj,si\ T\jj, > 



Stt 



2J + 



5£ 



One can add here also expressions ([1II.22| ) and ( [1II.26|) which calculate the decay widths 
using the monopole transition form factors. These form factors are the most frequently used 
ones both in analyzing experimental data and in theoretical works. 

If the width r(A^* ^7*) is known, the factorization prescription (see e.g. |^) can be 
used to find the dilepton decay rate: 

dT{N* Ne+e-) = T{N* NY)MT{Y e+e")— — , (IV.15) 

where 



Mr(7* - e+e-) = ^(M^ + 2ml)^l - M (iv.l6) 

is the decay width of a virtual photon 7* into the dilepton pair with invariant mass M. 

The physical A^* N'y decay rate is given by Eqs.f rVliD in the limit of M = 0. 
Eqs.( [I\rTD -( [IVl6D or ( PT:22|) , (fTJBi ), and ( WA^ being combined give the N* 

Ne'^e~ decay rates. 



V. TRANSITION FORM FACTORS AND VECTOR MESON DOMINANCE 

The non-relativistic quark models are successful in the description of static hadron prop- 
erties and hadron decays. These models, however, are not well suited for the calculation 
of the dilepton emission, since the electromagnetic form factors should be interpolated into 
the time-like region. In the time-like region, the vector meson dominance comes into play, 
whereas the non-relativistic quark models have direct photon-quark couplings. They predict 
form factors which behave like exp(g^/x), whereas the VMD requires a Breit-Wigner shape 
of the spectral functions for the form factors, centered around the vector meson masses with 
the physical vector meson widths. In a finite interval of the space-like region, the exper- 
imental data can be fitted with an exponential formula, whereas at high negative the 
non-relativistic quark models contradict to the quark counting rules. They contradict also 
to the Frazer-Fulco unitarity relations for the nucleon form factors [P7|-p3| in the time-like 
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region. The unitarity relations, from the other side, justify the VMD model. The distinction 
between expressions given by the exact solution of the unitarity relations for the isovector 
nucleon form factors and the VMD expression is not strong. As to the pion form factor, 
the deviation of the naive VMD expression (see Eg. ( |V.2| )) from the FFGS expression p7| , P 



obtained by solving the unitarity relations for the pion form factor (see e.g. [^), is quite 



small. The same is true for the isovector kaon form factor |^ . 

Using the VMD model, we satisfy the quark counting rules, analyticity in the complex 
g^-plane, and take into account (approximately) the unitarity relations. It is important also 
that the VMD model gives simple expressions for the covariant form factors which can easily 
be embedded into the heavy-ion codes, if residues of the covariant form factors at the vector 
meson poles are determined. 



A. Extended VMD model 



In terms of the vector meson fields, V^, the electromagnetic current has the form 

,2 



^ 9v 



where my are the vector meson masses. The SU{3) predictions for the coupling constants, 
Qp '■ Qui '■ 9<)> = ^ '■ '■ are in good agreement with the values Qp = 5.03, g^^ = 17.1, and 

= —12.9 extracted from the V —>■ e~^e~ decays of the p-, uj-, and 0-mesons. The expression 
([V.l|) determines the vector meson couplings with the photon. 

The VMD model describes well the electromagnetic pion form factor: 

FAq') = (V.2) 
with /pTT^ being the coupling constant of the effective Lagrangian 

= -fp7Tn{pl7r'id^n+ + p+7r°z9^7r" + p^n^id^n^) (V.3) 
where = d p — d p. The normalization -F,r(0) = 1 implies 

fp.j9p = 1. (V.4) 



The quark counting rules |I5| show that the pion form factor decreases like Ft^^q^) ^ l/q^ 
as — s> oo. The VMD predicts therefore the correct asymptotics. 

The electromagnetic nucleon form factors demonstrate experimentally a dipole behavior. 
The quark counting rules for the Sachs form factors predict GE^q^) ^ GM^'f) ^ l/i?^ at 

— >■ oo. The VMD model with the ground-state p-, uo-, and 0-mesons cannot describe the 
nucleon form factors at low values of (the isovector charge radius is underestimated) and 
gives in contrast to the pion incorrect asymptotic behavior. It was proposed |ll6Hl9[l to include 
in the current (| V . 1|) excited states of the vector mesons p', p", ... etc. The VMD model 
extended in this way allows to reproduce the low- and intermediate-energy experimental 
data and yields for the nucleon form factors the correct asymptotic behavior. The minimal 
extension of the VMD model improves the description of the p7r7 transition form factor that 
falls off asymptotically as [pT| . 

The vector meson couplings with the nucleon resonances are defined by the T-matrix 
element of the V^A^ N* process 
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< JA.|r|AAv >=Y.fvL^M'^P...AP*A*)qp.---qpr.jt'^ (V.5) 

k 

where the vertexes ^^^^^ are the same as for the photon, and e"^'^\k) is the polarization 
vector of the vector meson V with momentum q and hehcity Ay. 

The combination of Eg s. ( [V.5]) and ([V.l| ) allows to calculate the photo- and electropro- 
duction amplitudes 



< J\^\ r|AA^ >— ^ ^ fvNN* 



em 



V 



k V gv q^-ml 

(±)fc 



X 



%,...A(p*,A.)g^,...gft_,rJfj^(p,A)e(^-)(g) (V.6) 
The comparison with Eq.( [11.2lD shows that the covariant form factors have the form 



The A-resonance form factors have only contributions from the p-meson family. If the covari- 

I pONN*,k 



ant form factors F^^^''(M^) are known, the coupling constants f^o'^N* k A-resonances 



can be found from equation 

= -^res {f^^\m^ = ml)}. (V.8) 



The nucleon resonances receive contributions from the p-and u;-mesons. The couplings with 
the nucleon resonances are calculated as residues of a superposition for isospin projections 
h = +1 and Jg = -| : 

= -^rres {Fi^^(M^ = m^Y^-^'^ t Ftt\M- = m^yY^-'^} (V.9) 

where V = p^{uj) with the corresponding upper (lower) sign between the two isospin form 
factors. 

The quark counting rules predict the following asymptotics for the helicity amplitudes 





= 


2 






= 


2 




2 


= 



•(-M2)5/2' 
1 



;-M2)3/2^' 

^ ^ (V.IO) 



-M2)5/2^- 

These constraints can be used to reduce the number of free parameters of the model. 

The transition form factors of nucleon resonances with high spins decrease stronger than 
the diagonal nucleon form factors. 

Spin ^ > I resonances. Now, taking into account that A^^'' = 0((— M^)'^-'^/^) at — >■ 

— cx), we get the asymptotics of the covariant form factors Fj,'^\M'^) at — > — oo: 



F^'iM') =0{- 



-M2) 



1+3' 



Ft\M^) = 0{^-^^). (V.ll) 
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These constraints can be resolved to give 



nSr"(l -MVmf)' 

n!;r(i-MVmf) 

Here, Cj^^ are free parameters of the extended VMD model, / + 3 + n is the total number 
of the vector mesons. For each form factor, the quark counting rules reduce the number of 
free parameters from / + 3 + nto?2 + 2 for k = 1 and to n + 1 for = 2, 3. In the simplest 
case n = 0, the knowledge of the four parameters C[q \ C['^\ Cgo^ and C^^^ is sufficient to 
fix fI^\m'^). In the zero- width limit, the multiplicative representation ( |V.12| ) is completely 
equivalent to an additive representation of Eq. (|V.7|) . 

The similar multiplicative representation motivated by the Regge theory is used in Ref. 
[p^] , Eqs.(3.7). The asymptotic dominance of the transverse covariant form factors, used in 
that work as an assumption, does not agree with the quark counting rules. 

Svin J = h resonances. In terms of the amplitudes ^i'^'' and the constraints to the 

^ 2 2 

asymptotics have the form of Eqs. ([V.lCI|) . Taking into account that X^q^^ = 0((— M^)^/^) at 



M — * — oo, we get 

Fif{M')=0{^-^). (V.13) 
The general representation for the covariant form factors in the spin-^ case has the form 

Ff\M') = ' • (V.14) 

n?i"(i-MVmf) 



B. Relative sign of the photo- and electroproduction amplitudes and amplitudes for 
the nucleon resonance decays into the vector mesons 

The experimental data for the photo- and electroproduction amplitudes are quoted by 
PDG for the amplitudes 

As = J!^ d^t\ (V.15) 
A, = J'^ df\ (V.16) 



2 



2 



^1 = , (V.17) 

2 ^/8■m^:miUo 2 

which include the phase factor of the A^* Nn decay, ^ = A{N* N7i)/\A{N* -> A^7r)| and 
an isospin factor ^/ = —1 for nucleon resonances and C,i = +1 for A-resonances. The phase 
factor ^ appears, since the amplitude 7*A^ —>■ N* is accompanied in the photoproduction 
experiments by the subsequent pion decay of the nucleon resonance. 
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The experimental data for the vector meson decays are quoted for the values a\^N*^NV 
where cr is a sign of the amplitudes N* Np^ or A^* — Nu multiplied by C,v^*y where ^ 
is the pion decay phase and = ^iV — >pions)/ \A{V — >pions)|. The additional factor 
appears, since the vector meson production is accompanied by the vector meson decays into 
pions. The isospin symmetry implies Ta*->np = |rA*^ArpO and F^r.^ATp = 3rjv*^ArpO. 

The quark models are very successful in the description of static properties of hadrons 
and hadron decays. The models p8|^2| give predictions for the photo- and electroproduction 
amplitudes ( |V.15| ) - ( |V.17[ ). The '^Pq quark-pair creation model by Yaouanc et al. |Q gives 
the vector-meson decay amplitudes inclusive of the phase of ^v^*- The non-relativistic quark 
model by Koniuk p9| gives these amplitudes without the factor C^y, so its predictions are 
valid up to an overall sign. The quark-pair creation models of Refs. [^^^ do not include 
the factor C,v either. The multichannel vrA^-scattering partial-wave analysis of Manley and 
Saleski has an overall sign ambiguity of the TrvriV amplitudes with respect to the vrA^ 
amplitudes. The vrvrA^ amplitudes interfere with the Np amplitudes due to the p ^ nn 
decay, so the overall Np phase is not fixed. 

The extended VMD model, from the other side, gives a unified description of the photo- 
and electroproduction data and of the resonance decays into the vector mesons, including 
the signs of the amplitudes. We wish to use the data p6| , p7| , p9| , p0| to fix the transition form 
factors. The overall phase of the A^* NV decays with respect to the 'y*N N* amplitudes 
is not fixed, however, neither experimentally, nor theoretically. 

Yaouanc and co-authors calculate the quantity ^p. It depends on the sign of the 
coupling constant. The product ^v^* is negative, being an even function of the couphng. 
They do not analyze, however, the photo- and electroproduction amplitudes. The photo- 
and electroproduction and vector meson decays of the nucleon resonances are calculated in 
Refs. ||51|j5^. The authors give, however, only relative signs of the N* NV amplitudes. 
The overall sign correlated with the photo- and electroproduction amplitudes is, in principle, 
provided by the quark models of Refs. p|,|8| and |U|,|2|. The N* NV amplitudes of 
Ref. 1^ depend on the quark coupling with the vector mesons, g, whose sign is a matter 
of convention. The quantity C,p is, however, proportional to the same coupling, g, so the 
quantity ay/TN*^Ny is an even function of g and therefore well defined. We thus propose 
a solution of the "sign ambiguity" problem within the non-relativistic Isgur-Koniuk p9| , ^ 
quark model framework. (The similar analysis can probably be made also in the quark-pair 
creation model of Ref. p0|j5^ .) 

The value of ^ is not calculated in our model. It enters as a common factor to the 
experimentally measured photo- and electroproduction amplitudes and the vector meson 
decay amplitudes and can be absorbed by the covariant form factors Pjf^K The isospin factor 
C,i will also be absorbed by the form factors. The common phase of the form factors does not 
influence the dilepton decay rates. 

The value of can easily be found. Using the effective Lagrangian ( [V.3|) , the P-wave 
amplitude of the p° tt+tt^ decay can be found to be < 7ni\T\p^ >= —fpmr'^k.,, where kj, 
is the absolute value of the pion momentum. Eq.( [V.3|) shows that the coupling /p^^r has a 
meaning of the tt"*" charge with respect to the massive vector field p^. In the quark model by 
Koniuk p9|, the p° static charge of the up-quarks is assumed to be positive [^. The value 



of fpTTK is therefore positive, and so ^p = — 1. 

The vector meson decay amplitudes of the nucleon resonances are proportional to the 
product fpo'li]^* fc/pTTTT- They are invariant with respect to the sign change of the vector meson 

coupling, since fj^^j'^* 9 ^^"^ fp-^-^ ^ 9- The VMD in the electromagnetic pion form factor 
gives rise to Eq.( |V .4D , so the coupling gp is an odd function of g. The sign convention for the 
coupling g does not affect the isovector parts of the photo- and electroproduction amplitudes, 
since they are proportional to the ratios /p(t^^* ^/dp- The model we discuss thus provides a 
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consistent description of the isovector part of the processes '-y*N N* and of the N* Np 
decays. 

Similar arguments could be applied to the effective Lagrangian C^^pT^ to determine the 
uj 3tt amplitude through a two-step mechanism u pvr, p —* tttt. The upn coupling 
constant can, however, be calculated up to an arbitrary phase only. It is proportional to the 
pvr transition magnetic moment (with respect to a static magnetic a;-meson field) which is 
not a diagonal one. The upn coupling is proportional to an arbitrary phase difference of the 
p- and TT-meson wave functions (as distinct from the pTrvr diagonal transition where such a 
phase is identically zero). The relative phase of the quantities C,p and C,uj is well defined for 
identical final states, e.g. for the p — > 717 and u ^ Tfy decays, in which case C,p/C,uj = +1, 
while the u; ^ Svr phase cannot be fixed with respect to the p ^ tttt phase. 

Godfrey and Isgur ||5^ calculate meson decay amplitudes by considering the pseudoscalar 
mesons as elementary fields. The overall sign of these amplitudes is not correlated with the 
amplitudes calculated by considering the vector mesons as elementary fields. It can be seen 



e.g. from Table V of Ref. |5^, according to which the p ^ nir amplitude is imaginary, 
whereas we get above for the p — tttt decay a real negative amplitude. The reason stems 
from the fact that the amplitudes of Ref. are proportional to the coupling constant of the 
quarks with the pions, whereas the amplitudes of Ref. [^] are proportional to the coupling 
constant of the quarks with the vector mesons. The relative signs (phases) of these coupling 
constants are not correlated. 

The model by Koniuk has, however, a SU{3) symmetric vertex for quarks interacting 
with the vector mesons. In this model, 1/gp^ trr^Q = 1 and trQ = 1/3 where is 

the isospin Pauli matrix and Q = diag(2/3, —1/3) is the quark charge matrix. The relative 
sign of the coupling constants Qp and g^^ is apparently known. The same relative sign (+) is 



given by Godfrey and Isgur ||58|, which is independent on the quark-pion coupling constant. 

This knowledge is sufficient to compare predictions of the extended VMD model with the 
amplitudes of Refs. which do not include the phases 

Manley and Saleski |^ found that the vriV partial-wave analysis is in good agreement 
with the results by Koniuk [^] taken with the opposite sign. We got ^p = —1, using the 
model by Koniuk, so the results by Manley and Saleski for the vrvrA^ waves have apparently 
the overall sign correlated correctly with the photo- and electropro duct ion amplitudes, as 
calculated by Koniuk and Isgur 

We thus perform a fit to the amplitudes for the photo- and electroproduction of the nu- 
cleon resonances with the standard phase conventions of PDG [EO] and Koniuk and Isgur 



4q] . We fit further the vector meson decay amplitudes. The overall sign of these amplitudes 
is chosen such as to reproduce in the extended VMD model both the photo- and electro- 
production amplitudes and the vector meson amplitudes of the nucleon resonance decays, 
calculated in the non-relativistic quark model by Koniuk and Isgur and by Koniuk |^ . 
The transition form factors of nucleon resonances determined this way do not depend on the 
sign convention adopted in the quark model for the coupling constant, g, of quarks with 
the vector mesons: 

In the Koniuk quark model, the amplitudes of the vector meson decays of the nucleon 
resonances are proportional to the coupling constant g. In the extended VMD model, these 
amplitudes are proportional to the coupling constants /y"^^. j., according to Eq.( [V.5|) . We 
found earlier /p^^r 9- The coupling constant gp is also proportional to g, according to 
Eq. (|V.4| ). The SU{3) symmetry implies g^^ ^ g. The (^-dependence drops out from the 
transition form factors ( |V.7| ). In agreement with the quark model, Eqs.( |V.8"D and ( |V.9| ) give 
afterwards fl^^j^* k ^ 9- This completes the consistency check. 
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VI. NUMERICAL RESULTS 



The parameters Cj^^ of the extended VMD model, entering Eqs. (|V.12| ) and ( |V.14| ), are 



determined from the fit to the photo- and electroproduction data p6|j60|j59|j61|j65[1 and the 
vector meson decay amphtudes of the nucleon resonances p6|-|30| . We use the minimal n = 
extension of the VMD model for all resonances. 

The number of the vector mesons required for each isotopic channel to ensure the correct 
asymptotic behavior depends on the total spin of the nucleon resonance. For spin-J reso- 
nances, we need 3 + / (=3 + J— |) excited vector mesons with the same quantum numbers 
for the minimal extension of the VMD. The nucleon resonances we consider have spins J 
from I to |. It means that we need at the most 6 excited vector mesons for each isotopic 
channel. The following masses are used: 0.769, 1.250, 1.450, 1.720, 2.150, 2.350 (in GeV). 
The numbers appearing on the 1 and 3-5 positions are masses of the physical p-mesons 
according to PDG |2^. The possible existence of vector mesons with masses around 1.250 



GeV is discussed for a long time. The phenomenology of the nucleon form factors and, in 
particularly, the scaling laws for the Sachs form factors make the existence of an enhancement 
in the spectral function of the nucleon form factors at 1.250 GeV very plausible (for details 
see 1^). The results on the dilepton emission do not depend strongly on the exact numer- 
ical values of the masses of the excited vector mesons, since the dilepton energy spectrum 
extends only slightly above 1 GeV for the nucleon resonances with masses about 2 GeV. In 
the region of the invariant masses M < 1 GeV, the form factors are smooth functions of the 
masses of the excited vector mesons. The last mass is set equal to 2.350 GeV for an estimate. 
We assumed further a degeneracy between the p and u families. The strange (j) mesons are 
decoupled in our model from the nucleons due to the OZI rule. The opposite assumption is 



used in Refs. |]T6|,|T8|. The widths of the mesons 2 - 6 is set equal to zero, the widths of the 
ground-state p- and cj-mesons are taken from PDG. 

For the nucleon resonance decays into the vector mesons, we use the data from PDG 
[^]. When these data are not available (quite often), we use the Manley and Saleski results 
(MS) of the multichannel ttN partial-wave analysis |27|. In other cases, we use the quark 
model predictions by Koniuk ^9] with 50% errors and 0.05 MeV^''^ errors if the values are 
close to zero. In a few cases, the results of the multichannel vrA^ partial-wave analysis 
of Longacre and Dolbeau (LD) with 50% errors and of Capstick and Roberts (CR) quark 
model predictions are used, when other results do not agree with the most recent PDG 
constraints to the total vector meson decay widths. The PDG and MS data are included to 
the with greater weights. Below we give details of our fitting procedure: 



A^(1535)| : The experimental values for A1/2 are from Ref. [^. The Np mode si/2 is 
taken from PDG. The Np mode ^3/2 is taken from MS. The cj-meson mode 6/3/2 is set equal 
to zero. 

A^(1650)| : The Np mode Si/2 is taken from PDG with the negative sign as predicted 
by K. The MS sign is not well fixed. The mode 6/3/2 is taken from PDG. The Nu modes are 
from the Koniuk paper (K) with 0.05 MeV^^^ errors. 

A^(1520)| : The experimental values for A1/2 and A3/2 are from Ref. The modes 



di/2 and 0^3/2 are taken from K with a 0.05 MeV^^^ error. The mode S3/2 is taken from PDG. 

A^(1700)| : The experimental values for ^41/2 and ^3/2 are from Ref. |6^. The Np modes 
di/2 and d^/2 are taken from K with a 0.05 MeV^/^ error. The mode S3/2 is taken from PDG 
with the negative sign as predicted by MS. The Nu modes are from K with 0.05 MeV^^^ 
errors. 

A^(1675)| : The Np mode di/2 is taken from MS, the mode ^3/2 is taken from PDG. The 
g3/2 modes are from K with a 0.05 MeV^^^ error. The Nu mode gi/2 is set equal to zero. 
A^(1440)|''': The experimental values for A1/2 are from Ref. |^8[. The mode pi/2 is taken 
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from PDG. The sign of the mode which is given by PDG in the absolute value is taken to 
be positive as predicted by Koniuk. The value of the mode P3/2 is taken from K. We set 
a 50% error for the fit. The coordinate quark wave function of the resonance is known to 
be symmetric, so the neutron charge radius does vanish. It is proportional to the second 
derivative of the charge density with respect to the momentum k at k = or, equivalently, 
to the first derivative of the helicity amplitude S1/2 at pseudothreshold 



so 



we set 2m+Fi^ ^ + m.F^ ^ = at M"^ 

A^(1710)|''^: The Np mode pi/2 is taken from PDG. The sign of the mode is taken to be 
positive, as predicted by MS. The value of the mode P3/2 from LD results to a/T/vp = 8.9 
MeV^/^. This value is too high as compared to the square root of the PDG total Np width 
of 4.3 ± 1.9 MeV^/^. We thus take for the mode P3/2 the three times smaller Koniuk quark 
model value of Bnt^B^p = 0.09 with a 50% error. The Nu modes from K are included to 
the fit with 0.05 MeV^/^ errors. 

A^(1720)|''': The Np mode pi/2 from MS and the mode P3/2 from LD seems to be over- 
estimated, in view of the PDG value ^JI% = H ± 2 MeV^/^ the total Np width. The 

modes pi/2, P3/2 and f^/2 are taken from K with 50% errors. The Nuj modes from K are 
included to the fit with 0.05 MeV^/^ errors. 

iV(1900)|''^: The Np mode pi/2 is from MS. The modes P3/2 and /3/2 are taken from K 
with 0.05 MeV^/^ errors. The Nu modes are from K with 0.05 MeV^^^ errors. 

A^(1680)|''': The experimental values for A1/2 and A^/2 are from Ref. |68|. The Np mode 
/1/2 is from K with a 50% error. The modes /3/2 and ^3/2 are from PDG. The Nu modes are 
from K with 0.05 MeV^^^ errors. 



.{-) 



m] 



CR values are used for the modes di/2 and ^3/2. MS value is used for the S3/2 
CR values are used for the modes ^3/2 and (73/2. MS value is used for the di/2 



A^(2000)|^: The Np mode /1/2 is from K with a 50% error. The modes /3/2 and J93/2 are 
from MS. The Nto modes are from K with 0.05 MeV^^^ errors. 

A^(1990)|'^: The Np modes /1/2, /3/2, and hs/2 are from K with 0.05 MeV^^^ errors. The 
Nu modes are from K with 0.05 MeV^/^ 

errors. 

A(1620)i": PDG values are used. 
A(1900)i~: MS values are used. 

A(1700)| : K values are used for the modes di/2 and c/3/2 with 0.05 MeV^^^ errors. The 
PDG absolute value is used for the S3/2 mode with MS sign. 

A(1940)| 
mode. 

A(1930)| 
mode 

K values are used with 50% errors. 
K values are used with 50% errors. 

The data in the space-like region on the magnetic transition form factor are 
We include into the fit the experimental results of Refs. [ ^ , |6^ ,|6l-|67 
for the ratio Gc/Gm and of Refs. p5| , |66| , |62| , |67| for the ratio Ge/Gm- The results of Refs. 
165|] and for the ratio Ge/Gm disagree already in sign. We fit well the data ^Sf. The 
amplitudes ^43/2 and ^41/2 at M = are given by PDG. The A(1232) magnetic form factor in 
the space-like region is a smooth, well measured function. It is well reproduced in the VMD 
model. Using the knowledge of the Gm, we translate on Fig. 19, when data are sufficient, 
the experimental points from plots for the monopole form factors to plots for the helicity 
amplitudes, and v. v. It is seen that the experimental data for the form factors Ge and Gc 
are not stable yet. The vector meson decay channels are closed. 

A(1600)|^: LD values give too high couphng constants ANp. We use CR predictions 
which are 5 to 10 times smaller. 



A(1750)i+ 
A(1910)i+ 
A(1232)|_+ 
from Refs. 
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A(1920)| : K values are used with 50% errors. 

CR values are used for the /-modes and PDG for the p3/2-mode. 
K values for the / modes are used with 50% errors. MS value is used for the 



A(1905)|+ 



A(2000)f^ 



P3/2 mode. 
A(195C 
ilts are 

The 5*1/2 amplitudes which we used as an input are from Refs. pP| , |7D 



A(1950)|^: PDG gives an upper limit of 6 MeV^/^ the total Np width. MS and K 



' 2 

results are above this limit, so we use the estimates of CR. 



In Table I, we show the parameters C^^^ of the extended VMD model for nucleon reso- 
nances with masses below 2 GeV. 

In Table II, the coupling constants = g^if^v) of the vector mesons of the magnetic, 
electric, and Coulomb types with the nucleon resonances are shown. The coupling constants 
Qj' are defined as in Eqs. ([V.8|) and ( |V.9| ) with the selfevident replacements f^^j^, k ^ 9t 



rjf^^ G^'' . The coupling constants fvNj^* ^ and are related by the same transformation 
as the covariant form factors F^^'' and : 



V 

9t 



5^MTfc(m^)#^^,,,. (VI.l) 



The matrices Mrki.M'^) are defined by Eqs.( |111.18| ), ( |111.19| ), and ( |111.19|) , respectively, for 
the normal- and abnormal-parity / > resonances, and normal- and abnormal-parity I = 
resonances. 

The quality of the fit is generally good. It can be controlled with the help of Tables III - 
VI and Figs. 1-25. The minimal n = extension of the VMD model appears to be sufficient 
to fit the data. The exception is only the iV*(1520)-resonance. It has a sharp M^-dependence 
of the helicity amplitude Al^^{M'^) at the interval -4 < < GeV^ (see Fig. 3). The 
minimal n = model cannot reproduce it. 

In Tables III - VI, we compare the VMD model results for the vector meson decay ampli- 
tudes of the nucleon resonances with the results of the irN multichannel partial-wave analysis 
- |28[| and the quark models p9| , |30| , |5^ - ^] . The extended VMD model results should not 



normally be treated as predictions, since for every nucleon resonance the number of the pa- 
rameters in the fit is comparable with (being always less than or equal to) the number of 
points available from the experiment and the quark models. The evident exceptions are the 
A(1232)-resonance, where many data points exist in the space-like region, and a few others. 
It is seen from the Tables III - VI that the minimal extension n = of the VMD model 
describes the vector meson amplitudes in the different partial waves fairly well, with respect 
to both, the signs and the values. 

The vector meson decay widths of the nucleon resonances are calculated using Eqs. ( [ill. 2^ ) 
and (|111.26|) after substituting a l/(47r) and GriM'^) gri^'^)- The "running" coupling 
constant (/^ (M^) is given by 

g^M^) = Y,^Tk{M')M-^,{ml)gUml) (VI.2) 

kT' 

The values M^^,(my) are the inverse transformation matrices given in Sect. 3. The pa- 
rameters Cj^^ and the coupling constants /y'^jv* Eqs.( |V.8D and ( |V.9| ) are considered as 
being independent of M^, whereas in the multipole basis one should take into account the 
M^-dependence of the transformation matrices MT'fc(M^). 

The signs of the vector meson decay amplitudes are defined as follows: We determine first 
the average vector meson mass 

Mf^)= I yD^^\M^)M^dW{M^)/ I <^'^^\M^)dW{M^) (VI.3) 
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where Lp'-^>(M ) are the kinematical parts of the widths ([111.221) and (Jill. 261): 



<^(±)(M2) = {ml - M^y+'/\ml - M^y-^/\ 
<^(±)(M2) = {ml - My\ml - M^f'\ 

respectively, for I > and / = resonances. The integral runs over the Breit-Wigner 
distribution dW{M^). The sign of the vector meson decay amplitude is given by sign of the 
quantity 

4? = stgn{^C,\'t^WS (V1.4) 

evaluated at = M^_^y The factor of brings the overall sign to the MS sign conventions 
p7|] . The phase of ^ is absorbed by both the photo- and electroproduction amphtudes and the 
vector meson decay amplitudes of the nucleon resonances. The products \ 



and ^S^^^i are real for all partial waves so the appearance of the complex conjugate value 
of ^ in the vector meson decay amplitudes does not change the relative sign, as compared 
with what we have described. 

For some of the resonances, as can be seen from the Figs. 1-25, the amplitude changes its 
sign on the interval < < 1 GeV. 

The plots 1-25 show the magnetic, electric, and Coulomb form factors for the nucleon 
resonances with masses below 2 GeV, listed by PDG. We give in the space-like region the 
ratios between the form factors and the dipole function 

= (l-Jo.71)^ 

where t is in GeV^ {t = q^). The ratios between the helicity amplitudes and the dipole 
function ([VI. 5|) are also shown, also in the space-like region. Next, we give the partial- wave 
amplitudes H^^^ of the vector meson emission in the time-like region. The solid curves stand 
for the extended VMD model. The data for the vriV multichannel partial-wave analysis and 
the quark models used in the fit at > and the experimental data for the transition form 
factors and the photo- and electroproduction helicity amplitudes used in the fit at < 
are shown also. 

In Table Vll, we show the dilepton widths of the nucleon resonances. Figs. 26 and 27 show 
the dilepton e^e~ and spectra from decays of the nucleon resonances. 



VII. CONCLUSION 

In this work, we derived phenomenological kinematically complete relativistic expressions 
for the decay rates of nucleon resonances with arbitrary spin and parity into the dilepton 
pairs in terms of the magnetic, electric, and Coulomb transition form factors. The extended 
VMD model was used for the description of the transition form factors of the nucleon res- 
onances. The quark counting rules were taken into account to reduce the number of free 
parameters of the model. The remaining free parameters are fixed by fitting the photo- and 
electroproduction amplitudes and the decay amplitudes of the nucleon resonances into the 
vector mesons. The extended VMD model allows to treat the data both in the space- and 
time-like regions. The transition form factors determined from the fit are used for the cal- 
culation of the dilepton widths and dilepton spectra from decays of the nucleon resonances 
with masses below 2 GeV. 

In many cases, the experimental data we used to fix the form factors are not stable yet. 
To make the study complete, we used also the quark model predictions. The results of our 
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analysis can be treated as a first quantitative hint to the form factors and the decay amph- 
tudes which they determine. The VMD predictions are useful for planning new experiments 
for measurements of the transition form factors and vector meson branchings of the nucleon 
resonances. 

We propose thus unified description of the photo- and electroproduction data, the vector 
meson and dilepton decay amplitudes of the nucleon resonances. The results can be used 
for modeling the dilepton production in the pion-nucleon, nucleon-nucleon, and heavy-ion 
collisions. 
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Figures captions: 

Figs. 1- 25: Electromagnetic transition form factors of the magnetic, electric, and 
Coulomb types (Gm, Ge, and Gc), helicity amplitudes (A3/2, ^1/2, and 5'i/2), and partial- 
wave amplitudes of nucleon resonance decays into the p- and ci;-meson channels {H^^^) for 
nucleon resonances listed by PDG with masses below 2 GeV. The minimal extension n = of 
the VMD model is used for all resonances. The value Goit) is the dipole function of Eq. (|VI.5|) . 
The photo- and electroproduction experimental data [^,|^,|^,^,|^ are displayed. The vec- 



tor meson decay amplitudes of the nucleon resonances p6|-p0|, that were included into the 
fit, are also shown. 
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TABLE I. Residues of the extended VMD model, entering Eqs.( [V.12|) and ( |V.14| ), in units 
GeV-('+i) where I = J - \. The iV* residues are shown in two hues for the proton and neutron 
resonances, respectively. 
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A(1232)|"^ 


30.57 


0.80 


6.56 








A(1600)|"^ 


4.92 


3.31 


12.31 








A(1920)|"^ 


-1.61 


-1.38 


-9.88 








A(1905)f"^ 


-0.19 


-15.25 


-42.58 








A(2000)|"^ 


-0.54 


2.30 


20.56 








A(1950)|^ 


5.82 


1.92 


22.90 









TABLE II. The p- and w-meson coupling constants of the magnetic, electric, and Coulomb types 
with the nucleon resonances in units GeV~('~^) where I = J — \. 
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Resonance 



Ref. 



Np 



Np 



Np 



T^tot 

^ Np 



Nu 



Nu 



Nu 



Sl/2 



'3/2 



Sl/2 



Hl2 



iV*(1535)i' 



A^*(1650)i 



VMD 

KI 

CR 

SST 

MS 

PDG 

VMD 

KI 

CR 

SST 

MS 

PDG 



-2.13 
-1.7 
-0.7±0.3 

-1.7±0.5 

-2.0±0.9 
-1.45 
-9.7 

+0.8 
-0.6 



0.9 



O.Oibl.6 
±1.6 ±1.2 



-0.25 
-6.1 
0.4±0.1 

-1.3±0.6 

1.04 
2.7 
0.4±0.1 

2.2±0.9 
3.4±1.0 



2.15 

6.3 
0.8t°;? 

1.1 
2.2±0.6 

< 2.7 

1.78 

10.1 

+0.3 
-0.2 



1.43 



0.05 



-0.97 
-0.96 



-0.02 
0.67 



1.0 



0.6 

2.2±0.9 
3.6±0.9 



d 



1/2. 



d 



'3/2 



g3/2 



d 



1/2. 



d^ 



3/2 



8^/2 



Ar*(1520)f 



iV*(1700)f 



VMD 

KI 

CR 

SST 

MS 

PDG 

VMD 

KI 

CR 

SST 

MS 

PDG 



-0.37 
0.7 
-0 1+°-^ 
3.2 


-0.94 
-0.1 






-0.17 
-1.1 
-0 3+°-2 

^•^-1.0 

-2.7 




-2.32 
-2.7 

^•^-0.6 



-5.14 
-5.0 
-2 4+^-'^ 

^•^-6.4 

-1.7 
-5.1±0.6 
-4.9±0.6 

-2.22 

-4.3 
0.0±0.1 

-5.6±5.7 
±2.2 ±2.1 



5.16 

5.2 
2.5t?J 

4.6 
5.1±0.6 
4.9±0.6 

3.35 

5.1 



-0.02 0.03 



0.21 

0.26 



0.9 



+0.6 
-0.4 



0.0 



,+0.0 
-0.3 



0.90 

0.89 



0.28 



1.39 

1.4 

'-'■'-'-16.2 



3.7 
5.6±5.7 
< 7.4 



di/2 



d- 



■3/2 



93/2 



dl/2 



d' 



3/2 ff3/2 



iV*(1675)|' 



VMD 

KI 

CR 

SST 

MS 

PDG 



0.75 
-1.1 
0.2 

0.8±0.4 
0.8±0.4 



-1.70 
-0.2 
-0.4 

-0.5±0.5 
-1.7±0.6 



0.22 








1.87 
2.3 
0.5 
2.0 
1.0±0.4 
< 2.2 



0.06 0.00 



0.00 




TABLE III. Predictions of the extended VMD model for the partial widths of the nucleon 
resonance decays into the p- and 6<j-meson channels, inclusive of the sign of the amplitudes. The 
data quoted by PDG [24] , the results of the multichannel ttN partial- wave analysis MS [25] and LD 
[26] , and predictions of the non-relativistic quark model K [27] and the quark-pair creation models 
CR [28] and SST [53,54] are given for comparison. The widths are in MeV. This table shows the p- 
and w-meson modes of the negative-parity iV*-resonances. 
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Resonance 



Ref. 



Np 



Np 



Np 



Y'tot 
^ Np 



Nu 



Nco 



Nu 



Pl/2 



PZ/2 



Pl/2 P3/2 



iV*(1440)^" 



iV*(1710)^ + 



VMD 

KI 

CR 

SST 

PDG 

VMD 

KI 

CR 

SST 

MS 

PDG 



-0.29 
0.3 

-0 3+°-2 

±3.7 ±2.2 

2.22 
5.5 
0.3±0.1 

3.9±4.4 
±4.0 ±2.0 



0.61 
0.1 
-0.5 



0.3 
0.5 



3.30 
2.5 
-3.71?:^ 



0.67 
0.3 

1.5 

< 6 
3.97 
6.0 

+1.2 
-1.0 



0.00 



0.00 



0.18 
0.6 



-0.72 
-0.7 



3.7 



0.0 



+0.0 
-2.3 



0.0 



+0.0 
-0.4 



4.1 
< 8.3 
4.3±1.9 



0.03 



-0.2 



Pl/2 



P3/2 



/3/2 



Pl/2 



P3/2 i'i/2 



A^* (1720) I" 



A^*(1900)f 



VMD 

KI 

CR 

SST 

OR 

MS 

PDG 

VMD 

KI 

CR 

SST 

MS 

PDG 



11.03 
11.7 



-2.6 



+0.7 
-0.8 



-5.7 
18±5 

-14.82 

-0.4 

1 4+0.9 

^-■^-1.0 

-14.7±2.9 



-2.56 
-2.6 

1-^-0.5 

-2.5 


-1.28 
-1.3 
-1.0±0.6 





1.02 
-3.5 



11.37 
12.5 



5.29 
5.3 



-2.09 0.14 



-2.1 



0.7 



+0.3 
-0.2 



3.3 



+1.0 
-0.8 



0.0 



+0.0 
-0.2 



0.0 



+1.2 
-0.0 



0.0 



-1.9 


-2.08 
-0.5 

^•^-0.2 



5.2 

6.5 
18±5 
11±2 
15.02 

1.5 



0.1 



0.2 



0.61 

0.1 
0.0 

0.1 



1.. 



3+1.2 
'-1.1 



6.1 
14.7±2.9 



7.97 
9.7 

11.5 
12.3±1. 



-0.49 

-0.4 

-8.2 



1.25 
-2.0 
0.6 
6.2 




1.2 
0.6 



iV*(1680)|^ 



/1/2 



/3/2 



P3/2 



/1/2 /3/2 P3/2 



iV* (2000)1' 



VMD 
KI 

CR 

SST 

MS 

PDG 

VMD 

KI 

CR 

MS 



-1.35 
1.6 

-0.2±0.0 
3.1 


2.50 
-1.7 
-0.4±0.3 




-1.23 

-1.3 
-0.3±0.1 

2.7 
-1.7±0.6 
-2.0±0.6 

6.99 

-4.4 
-0.2±0.1 
8.5±5.8 



-2.62 

-4.0 



-0.4 
-0.5 



-3.0: 

-1.3 
-2.8±0.7 
-2.8±1.4 

-16.02 

-6.6 
+3.1 
-0.2 



-7.8 



3.20 
4.5 

o r)+0.5 
O.U_Q 4 

4.3 
3.3±0.7 
3.4±1.1 

17.66 

8.1 

+0.2 
-3.1 



0.09 
0.13 



0.40 
-0.19 



0.58 
-1.2 



0.07 
4.0 



8.19 
6.7 



9.96 
10.9 



7.8 



-0.3 



+0.2 
-0.3 



-1.6 



+1.1 
-1.5 



3.1 



+0.5 
-0.5 



-17.2±6.2 



19.2±6.1 



iV* (1990)1^ 



il/'2 



3/i_ 



h 



3/i_ 



KI 

CR 

SST 



-0.96 
-0.8 
0.6±0.3 



3.95 
4.2 



-1.0 



+0.6 
-0.5 



0.97 






4.18 
4.3 
1.2 
1.1 



+0.6 
0.7 



1.31 
1.3 

-0.81^:^ 
2.3 



-6.90 -0.68 

-7.2 

1.41^7 
-2.8 0.7 



TABLE IV. The p- and w-meson modes of the positive-parity iV*-resonances. The notations are 
the same as in Table III. 
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Resonance 


Ref. 


No 

r 


No 

r 


No 

r 


V ■'^p 






■51/2 


"3/2 






A(1620)2 


VMU 


4. Do 


n no 
-O.Uz 




4.Uo 




KI 


7.8 


-1.7 




8.0 






-•^•0-2.5 


-0.3_o2 




q c+2.5 




SST 


2.5 


-3.6 




4.4 




MS 


6.2±0.9 


-2.4±0.2 




6.6±0.8 




PDG 


4.2±1.4 


-2.2±1.5 




4.9±1.5 


A(1900)i- 


VMD 


-5.31 


-1.52 




5.52 




z.odzU.b 


1 c+O.S 
-■-•^-0.3 




Q+0.8 
^-^-0.6 




A TC 
Ml5 


-t3.0±Z.7 


-9. ^±1.7 




y.y±i.y 






"1/2 


"3/2 






A(1700)2 


VMD 


-l.DO 


U.OD 


d.d7 


D.91 




KI 


4.2 


0.9 


16.5 


17.0 






1 O+0.6 

-l-2_i.2 


0-5-0.2 


3-4-1.7 


3-6-1.8 




SST 








4.9 




MS 








6.8ib2.3 


6.8±2.3 




PDG 






±6.7 ± 2.4 


lilts 


A(1940)|" 


VMD 


-2.70 


1.32 


12.83 


13.18 




Q Q+2.3 

-'3-«-2.5 


1 ^+0.9 
1-4-0.8 


l.UihU.o 


A 9+2.7 
4.2_2.4 




Mb 


(J 


u 


iz. ±5.D 


12. / ±0.0 






"1/2 


"3/2 


53/2 




A(1930)|~ 


VMD 


-16.90 
O.liU.U 


-2.62 

o n+0.5 


-1.65 

n 1 +0.0 
-0-1-0.1 


17.18 

o n+0.8 
2-9-0.5 




MS 


-20.8±2.9 








20.8±2.9 



TABLE V. The /9-meson modes of the negative-parity A-resonances. The notations are the same 
as in Table III. 
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Resonance 


Ref. 


No 

r 


No 

r 


No 

r 


V 






Pl/2 


P3/2 






A(1750)2 


VMD 


2.2(J 


-7.00 




7.97 




KI 


2.2 


-7.6 




7.9 




UK 


-b.5_4i 


/I 7+3-1 




o n+5-1 
8-0-5.7 




SST 








17.1 


A(1910)2 


VMD 


-Z.75 


Till A A 

-5.44 




1 A 

6.10 




KI 


-3.7 


-4.9 




6.1 




UK 


c R+0.9 

5.b_o4 


o e+0.4 
2-0-0.2 




R 1+1-0 




SST 








6.9 




Mb 








/I A_l_1 1 

4.9±1.1 






Pl/2 


P3/2 


/3/2 




A(1600)2 


VMD 


U.OD 


1 OA 

-1.30 


A 1 O 

0.13 


1 /I A 

1.42 




KI 


-1.3 


-5.5 


-0.4 


5.7 




UK 


0-4-0.3 


n n+0.6 
-0-9-1.4 





1 n+l-6 
1-0-0.6 




SST 








2.9 




L 


4.5 


4.5 





6.4 




PDG 








< 11 




7"I\ /rT~\ 

VMD 


1 A 

-0.19 


D.75 


A ACT 

-2.05 


A OA 

9.39 




KI 


-8.1 


6.2 


5.5 


11.6 




UK 


c q+1.3 
^•"^-0.5 


O-O-0.7 


n 7+0-2 


8 t^+2-0 
8-5-0.8 




riorp 








5.Z 






J 1/2 


ia/2 






A(1905)2 


VMD 


1 /I A 

-1.4U 


A AC 


t IT AC 

17.46 


1 ^ CO 

17.53 




KI 


-0.1 


-6.4 


-2.1 


6.7 




UK 


-U. / zhU.z 


n 7+0-1 
-0-7-0.2 


« Q+0.8 


c /I+0.8 




SST 








5.1 




OR 


0.3 


1.3 


-6.6 


6.7 




MS 





O 


16.8±1.3 


16.8±1.3 




PDG 






20ib6 


> 17 


A / or\nA\ 5 ' 


VMD 


2.43 


C OA 

5.2U 


a TO 

-6.73 


8.84 




KI 


7.2 


4.6 


17.8 


19.7 




/'111 

UK 


2-612.1 


Q 1+2.4 
-''-J^-3.2 


O 1 1 1 A 


c 1+4.2 
"^-^--3.0 




SST 








8.9 




Md 


A 

u 


A 
(J 


a T_l_0 A 


T_l_0 A 






£ 

Jl/2 


£ 

73/2 


%/2 




A(iy5Uj2 


VMD 


1.28 


-2.38 


A AO 

0.28 


2.72 




KI 


-4.7 


-8.2 





9.4 




CR 


1.3±0.1 


-2.3±0.2 





2.6±0.2 




SST 








4.5 




OR 


1.1 


1.9 





2.2 




MS 





11.4±0.5 





11.4±0.5 




PDG 








< 6 



TABLE VI. The /9-meson modes of the positive-parity A-resonances. The notations are the same 
as in Table III. 
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Resonance 


Te+e- 






KeV 


KcV 


Ar*(1535)i~ 


2.01 


1.87 




5.30 


4.85 


A/"* (1650)1" 


3.23 


0.79 




2.00 


0.31 


A^*(1520)|~ 


6.02 


0.73 




4.42 


0.41 


A/"* (1700)1" 


0.41 


0.32 




2.86 


2.64 


A/"* (1675)1" 


0.21 


0.10 




1.09 


0.22 


A^*(1440)i 


1.40 


0.22 




0.56 


0.05 


A/"*(1710)i 


0.58 


0.31 




0.60 


0.56 


A/"*(1720)| 


7.93 


7.77 




3.14 


2.77 


A^*(1900)| 


4.62 


4.54 




12.22 


11.91 


A/"*(1680)| 


2.58 


0.43 




1.47 


1.13 


A/"* (2000)1 


14.17 


13.99 




20.89 


21.56 


A^*(1990)| 


3.09 


2.97 




8.24 


4.78 


A(1620)i" 


1.33 


0.88 


A(1900)^" 


1.19 


1.09 


A(1700)|" 


6.10 


1.65 


A(1940)|" 


6.57 


6.20 


A(1930)f " 


9.63 


9.16 


A(1750)i"^ 


4.61 


2.77 


A(1910)i"^ 


1.33 


1.27 


Q _|_ 

A(1232)| 


5.02 


0.04 


A(1600)|''" 


0.24 


0.13 


A(1920)|''" 


4.22 


3.50 


A(1905)|"^ 


10.51 


10.36 


A(2000)|"^ 


3.25 


3.00 


A(1950)|'^ 


3.18 


0.81 



TABLE VII. The decay widths of the nucleon resonances into the e+e~ and jJL^ iJi~ pairs. The 
first line of the AT* -resonances with 7=1/2 refers to the proton, the second one to the neutron 
resonances. 
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N (1535) 



G'j.CtVG^Ct) 




-10 -8 -6 -4 -2 

G"^(t)/G„(t) 



-10 -8 -6 -4 -2 

G"c(t)/G„(t) 




-10 -8 -6 -4 -2 

A"j,/t)/G„(t) 



-10 -8 -6 -4 -2 

S"i,,(t)/G„(t) 




0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 




- — ' — ' — ' — ' — ' — ' — ^-565.4 I — ' — ^ 
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 

t [GeV'] t [GeV'] 



FIG. 1. 
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N (1650) 



G-^ctyCpCt) 



G-c(t)/G„(t) 




-10 -8 -6 -4 -2 
G"^(t)/G„(t) 



-10 -8 -6 -4 -2 

G"c(t)/G„(t) 




-10 -8 -6 -4 -2 



10 -8 -6 -4 -2 

S"i,,(t)/G„(t) 




0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 

S"l/2(t) d"3/2(t) 



1.4 
-1.6 
-4.6 
-7.6 




0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 

t [GeV'] t [GeV'] 



FIG. 2. 
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G-^dVG^d) 




-10 -8 -6 -4 -2 



0.53 
0.26 
-0.01 
-0.27 



-10 -8 -6 -4 -2 
G°M(t)/G„(t) 



-0.02 
-0.95 
-1.89 
-2.83 



N (1520) 

G-^dyG^d) 



10 -8 -6 -4 -2 
A-j^/tVG^d) 



G't-CtyGjCt) 



-10 -8 -6 -4 -2 

G\(t)/Go(t) 



5.8 
4.6 
3.5 
2.4 



0.86 
0.20 
-0.45 
-1.10 




-10 -8 -6-4-2 

A°3„(t)/G„(t) 



-10 -8-6^-2 

AVt)/G„(t) 



-0.13 
-0.29 
-0.44 
-0.59 



/ 



-10 -8 -6 -4 -2 



3.78 
2.50 
1.21 
-0.07 



-10 -8 -6 -4 -2 



0.00 
-0.49 
-0.98 
-1.47 



6.18 
1.93 

-2.33 
-6.58 



0.2 0.4 0.6 0.8 1 

d" (t) 




d3„(t) 



27.0 
14.3 
1.5 
-11.2 



0.2 0.4 0.6 0.8 1 

t [GeV'] 
















10 


_8 _6 -4 -2 


Q 




S j^(t)/G„(t) 






} 


\ 


10 


-8 -6 -4 -2 







G"e(t)/G„(t) 




/ ■ 

/ - 


10 


-8 -6 -4 -2 







SVt)/G„{t) 




/ _ 

/ 


10 


-8 -6 -4 -2 


























0.2 0.4 0.6 0.8 


1 




S 3„(t) 




^ * ^ 



0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 

t [GeV'] t [GeV'] 



FIG. 3. 
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N*(1700) 



0.04 

-0.36 
-0.76 
-1.16 

0.02 
0.01 
-0.01 
-0.03 



-10 -8 -6 -4 -2 

A"3„(t)/G„(t) 



1.1 

0.7 
0.3 
-0.1 



-10 -8 -6 -4 -2 

A-j^.dVG^d) 







0.73 






0.47 






0.22 






-0.03 



-10 -8 -6 -4 -2 
G"„(t)/G„(t) 



-10 -8 -6 -4 -2 

G';(t)/G„(t) 



0.0 
-1.6 
-3.3 
-4.9 



-10 -8 -6 -4 -2 

A°3„(t)/G„(t) 



s.o 

3.4 
1.7 
0.0 



-10 -8 -6 -4 -2 

A°j,,(t)/G„(t) 



0.04 



-0.02 

-0.05 







3.15 






2.08 






1.01 






-0.05 



G-cdVGoCt) 



-0.8 
-1.2 
-1.5 
-1.9 




-10 -8 -6 -4 -2 

s-j^dVGoCt) 

/ 



-10 -8 -6 -4 -2 

G\.(t)/Go(t) 



-3.9 
-5.0 
-6.0 
-7.1 



-10 -8 -6 -4 -2 

S",,,(t)/G„(t) 



10 -8 -6 -4 -2 



-0.56 
-0.77 
-0.99 
-1.20 



-10 -8 -6 -4 -2 




0.2 0.4 0.6 0.8 1 



14.8 
8.3 
1.9 

-4.6 




0.2 0.4 0.6 0.8 1 
t [GeV'] 



43.8 
20.5 
-2.7 
-26.0 



0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 

61.4 I — ^ — ' — ^ — ' — ^ — ' — 
23.3 

-14.8 \, 



-53.0 



0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 

t [GeV'] t [GeV'] 



FIG. 4. 
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G\,(t)/G„(t) 



N (1675) 

G\(t)/G„(t) 



0.17 
0.01 
-0.15 
-0.30 

0.02 
-0.21 
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FIG. 26. The e+e" spectra from decays of the nucleon resonances hsted in Tables I - III. The 
bold lines, long-dashed lines, short-dashed lines, and the dotted lines stand, respectively, for the 
J = and I resonances. The two upper plots show the results for the negative-parity 

A''* -resonances (protons and neutrons), the two next plots show the results for the positive-parity 
iV* -resonances, the two lower plots show the spectra from decays of the A-resonances, the left one 
for the negative-parity and the right one for the positive-parity resonances. The peaks are due to 
the p- and a;-mesons. 
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FIG. 27. The fj,'^fx~ spectra from decays of the nucleon resonances hsted in Tables I - III. 
The bold lines, long-dashed lines, short-dashed lines, and the dotted lines stand, respectively, for 
the J = and | resonances. The two upper plots show the dimuon spectra for the neg- 

ative-parity proton and neutron resonances (/ = 1/2), the two next plots show the results for 
the positive-parity proton and neutron resonances, the two lower plots show the dimuon spectra 
from decays of the A-resonances, the left one for the negative-parity and the right one for the 
positive-parity A-resonances. The peaks are due to the p- and a;-mesons. 
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